ABSTRACT: Saliva contains essentially no IgA at birth. However, secretory immune responses to oral and non-oral microbial antigens emerge early in life. We have investigated the characteristics of these responses in salivas of infants less than 1 month through 4 years of age, using cross-sectional and longitudinal approaches. Antibody specificities (IgA, IgAl, and IgA2) were measured in ELISA and Western blot analysis to antigens of Streptococcus mitis and S. salivarius that colonize during the neonatal period. Antibodies reactive with S. sanguis and mutans streptococci, which colonize later in the infant's life, were also determined. Concurrent investigation of the oral flora of each infant was performed and related to the observed antibody specificities. The secretory nature of the immunoglobulins in these salivas was analyzed immunologically and chromatographically. The primary molecular form of salivary IgA was dimeric in all salivas tested. Both IgA subclasses were found, although a subset of infant salivas initially contained >90% IgAl. IgM (>1 ig/ml) was detected in 58% of 3-to 17-week-old infants. By 2 months of age, salivas from most infants contained IgA antibody reactive with at least two S. mitis components. Many salivas also contained antibody reactive with S. salivarius components. By the end of the first year, most salivas contained IgAl and IgA2 antibody to S. mitis antigens. Maturation of secretory responses in the second and third year was evidenced by the appearance of increased concentrations and additional specificities of salivary IgA antibodies to S. mitis antigens. Antibody to S. mitis, S. salivarius, and S. sanguis extracellular components was detected only after infection with the respective species. However, salivary IgA antibody to mutans streptococci occasionally was detected before colonization was demonstrated.
INTRODUCTION
Humans begin life in a state of salivary immunodeficiency. Essentially, no IgA is detectable in saliva at birth (Selner et al., 1968; Haworth and Dilling, 1966) . Immunofluorescence studies of fetal tissue, however, reveal the potential for secretory responses. For example, immediately prior to birth, IgM-and IgA-containing immunocytes can be found in salivary gland tissue (Thrane et al., 1987 (Thrane et al., , 1990 Iwase et al., 1987) . Also, many salivary epithelial cells contain secretory component. Salivary IgA concentrations soon begin to rise after birth (Burgio et al., 1980; Mellander et al., 1984; Gahnberg et al., 1985) , presumably the result of activation of secretory immune mechanisms by ingested bacterial and food antigens and mitogens. Most of the IgA in whole salivas of young infants appears to be dimeric (Smith et al., 1989) and associated with secretory component epitopes, supporting the secretory nature of this immunoglobulin product. Salivary IgM can also be detected in many young infants (Gleeson et al., 1986; Smith et al., 1989) , although the concentrations of this immunoglobulin (Ig) isotype do not increase in the manner of IgA.
Another measure of immunocompetence is the presence of antibody activity. Salivary antibody to Escherichia coli antigens can be detected very early in life (Burgio et al., 1980; Mellander et al., 1984; . Rotoviral infection during the neonatal period can also induce a mucosal immune response that can be measured in the saliva (Jayashree et al., 1988) . Half of all 1-month-old infants who lived in an environment where the potential for natural infection with poliovirus was high had salivary antibody to polioviral antigens (Hanson et al., 1987) . shed from the oral cavity and swallowed. Because the migration pathways of IgA-committed B cells appear to develop early, IgA antibody to these oral antigens could be expected in saliva. We have shown that salivas of 1-month-old infants contain antibody to S. mitis, the most prominent streptococcus in the oral cavity at this age (Smith et al., 1990) . Salivary IgA antibody to S. salivarius could be detected soon thereafter. Longitudinal analyses of salivas from the same children from infancy to early childhood revealed an increasing number of antibody specificities to components secreted by the early colonizing microbiota. Salivary IgA antibody levels in 3-year-old children can reach concentrations to some of these bacterial components that rival those measured in adult saliva.
Several new ecological niches emerge during the eruption of teeth. Gingival crevicular spaces and smooth surfaces of the teeth appear, followed by dental fissures and interproximal spaces. Each has distinctive features that, combined with dietary changes, favor colonization with specific microbiota. The salivary immune responses reflect the increasing complexity of antigenic challenge. For example, salivary IgA antibody frequently can be demonstrated in 1-to 3-yearold children to antigens of S. sanguis (Gahnberg et al., 1985) , an organism that rapidly colonizes initially erupting teeth (Carlsson et al., 1975) . Antibody to mutans streptococcal antigens tends to appear later (Gahnberg et al., 1985; Camling and Kohler, 1987) , presumably reflecting the later appearance and generally low level of colonization of these organisms in the oral cavities of young children.
This article summarizes our more recent crosssectional and longitudinal observations on the emergence of salivary immunity to oral microbiota in infants and young children. Characteristics of IgA and IgA subclass antibody to oral streptococci that colonize before (S. mitis, S. salivarius) and after (S. sanguis, mutans streptococci) the eruption of teeth are presented.
MATERIALS AND METHODS
Subjects. Whole saliva samples were collected from healthy infants and children who were between 3 weeks and 4 years of age. Salivas were collected at least 2 h after feeding to minimize the contribution of external components (breast milk, food) to infants' salivas.
Saliva Collection and Oral Swabbing. Unstimulated whole saliva was collected from infants by aspiration from the mouth with latex tubing connected to a 10 ml syringe or with a graduated 1 ml sterile polyethylene transfer pipet. Saliva was then placed into a 1.8 ml tube on ice, then centrifuged at 13,000 x g in a microcentrifuge (Fisher Scientific, Pittsburg, PA) .
Samples for microbiological analysis or antigen preparation were collected by swabbing oral epithelial and dental (when present) surfaces with a Calgiswab (Inolex, Glenwood, IL). Samples were plated from transport media (VMG II -M6ller, 1986 ) on mitis salivarius (MS, Difco Laboratories, Detroit, MI), MS plus bacitracin (MSB) and blood agar. Colonies were subcultured on blood agar plates and then PPLO broth (Difco). Subcultures were speciated according to Facklam (1977) , using an automated MIC 2000 apparatus (Dynatech Laboratories, Alexandria, VA). Culture supematant antigens were prepared by growth of bacteria in defined media, as previously described (Smith et al., 1990) , followed by centrifugation at 15,000 x g, neutralization, and concentration in a MINI-TAN apparatus (Millipore Corporation, Bedford, MA). Bacterial cell antigens were prepared by formalinkilling (0.5%) cells that had been collected by centrifugation from the defined media preparations.
ELISA. Salivary IgA antibodies to whole cells were measured by an ELISA as described previously (Smith et al., 1990) . This technique involved the coating of antigen on polystyrene plates, incubation with the saliva unknown, followed by biotinylated goat antia chain reagent (Zymed, South San Francisco, CA). Reactions were developed with strepavidin-alkaline phosphatase (Zymed) and p-nitrophenylphosphate. A high-titered parotid saliva to the relevant bacterial antigen was used as a reference standard to convert optical density values into relative expressions of antibody activity (ELISA units).
Immunoglobulin concentrations were measured using affinity-purified goat anti-human a, ,u ory-chain reagents (Tago, Burlingame, CA) or monoclonal mouse anti-human al or a2 reagents (Nordic Immunologicals, Capistrano Beach, CA) to capture Ig as previously described (Smith et al., 1989) .
Gel Filtration. Infant salivas were gel filtered using a 25 ml Superose 6 column (Pharmacia FPLC System, Piscataway, NJ) that was equilibrated in 0.1 M NH4HCO3, and precalibrated with molecular weight standards (purified serum IgM, IgG, and IgA, and secretory IgA; Calbiochem-Behring, La Jolla, CA) as previously described (Smith et al., 1989) . Five hundred microliter fractions were collected and analyzed for the presence of Ig or antibody.
SDS-Polyacrylamide Gel Electrophoresis Immunoblotting. Electrophoresis of bacterial culture supemnatants was performed for 1 h at 17 mA/gel on 7% polyacrylamide gels, containing 0.01% SDS, with a 3% stacking gel in a water-cooled slab-gel apparatus ("Mighty Small": Hoefer Scientific Instruments, San Francisco, CA) as previously described (Smith et al., 1990) . Separated proteins were electrophoretically transferred to nitrocellulose for 1 h at 200 mA. After blocking and incubation with 1:10 dilutions of saliva, the protein blots were developed for IgA antibody with 1:100 dilutions of biotinylated affinity-purified goat anti-human a chain reagent (Zymed) or monoclonal mouse anti-human al or a2 chain reagents (Nordic). Bands were visualized with strepavidin horseradish peroxidase (Zymed), followed by addition of 0.05% 4-chloro-1-naphthol, 16.7% methanol and 0.015% hydrogen peroxide. Details of the procedure can be found in Smith et al. (1990) . Banding patterns were measured densitometrically (Hoefer Scientific Instruments) and analyzed using the GS-365W Data System (Hoefer Scientific Instruments).
RESULTS AND DISCUSSION
Emergence of Ig in Salivas of Young Infants. Although saliva is essentially devoid of IgA at birth, concentrations increase dramatically during the ensuing months (Gahnberg et al., 1985) . Salivary IgA concentrations, however, vary greatly, in young infants. For example, salivary IgA concentrations ranged from less than 1 gg/ml to over 60 ,ug/ml in a suburban Boston population of 8-to 12-week-old infants (Smith et al., 1989) . This variation may have intrinsic causes or may be influenced by extrinsic factors such as the antigenic/mitogenic challenge in food or by the extent of breast feeding, which is reported to be associated with lower concentrations of infant salivary IgA .
Whole salivas (N = 31) from infants who ranged in age from 3 to 12 weeks were separated by gel filtration on calibrated columns of Superose 6 to measure the presence and size of salivary Ig. As shown by the representative elution profile in Figure 1 , the primary molecular form of IgA is dimeric in these salivas. Furthermore, fractions eluting in the dimeric region reacted with antibody to secretory component. Little evidence of monomeric IgA was observed. Small amounts of a chain-reactive material often eluted before the dimeric IgA and could represent higher IgA polymers or aggregated material. These data provide evidence for the secretory origin of the IgA in salivas of young infants.
Adult human parotid saliva normally contains approximately 55 to 75% of the IgAl subclass and 25 to 45% of the IgA2 subclass. Although the mean proportion of the IgAl subclass in 3-to 18-week-old infant salivas (N = 30) was similar (0.67 ± 0.23 SD) to that of adults (0.63 ± 0.12), the concentrations of each subclass were significantly (p < 0.001) lower in infant, FIGURE 1. Elution profile of a whole saliva from a 3-weekold infant. Saliva was gel filtered on a calibrated Superose 6 column. Molecular weight standards are indicated by the arrowheads. Immunoglobulin concentrations in eluted fractions were measured in ELISA, using affinity-purified, heavy chainspecific reagents. Twenty microliters of saliva were applied to the column. compared with adult, parotid salivas. Figure 2 presents measurement of the IgAl/total IgA proportions in salivas of 11 infants. The patterns segregate into two groups. One group fell into the normal range of IgAl proportions found in adult salivas. In contrast, nearly all the IgA in the first salivas collected in the other group was IgAl, a proportion seldom found in adults. Gel filtration of these salivas indicated that the IgAl was dimeric, and, therefore, unlikely to be serumderived. Longitudinal analysis of these infants revealed a progressive increase in IgA2 proportions in the initially IgAl-rich salivas. The basis of the change in subclass proportion in the secretory immune system is unclear. However, changes in subclass characteristics of B cells in peripheral blood have been reported in early infancy (Conley et al., 1980 Approximately one half of the salivas from this young infant population contained IgM in concentrations above 1 jg/ml. Salivary IgM was detected in gelfiltered fractions at an elution position that was consistent with its pentameric nature (Figure 1) (Brandtzaeg, 1989 (Burgio et al., 1980; Mellander et al., 1984; . Ogra and Karzon (1971) first showed that oral immunization with polio vaccine of 2-month-old infants gave rise to IgA antibody in nasopharyngeal and duodenal washings. Oral immunization with attenuated polio vaccine or injection with tetanus toxoid at approximately 2 months of age also gave rise to salivary IgA antibody to the respective antigens within 1 to 2 months in most infants (Smith and Taubman, 1992) . Collectively, these observations demonstrate the ability of the secretory immune system to mount antibody responses soon after birth.
The oral cavity of the neonate becomes rapidly colonized, primarily by maternal microbiota (Kohler and Bratthall, 1978; Berkowitz and Jones, 1985) . We have measured IgA antibody to two of these organisms, S. mitis and S. salivarius (Smith et al., 1990) in whole salivas and salivary IgA-rich fractions from 3-to 21-week-old infants. Antibody activity was measured in ELISA and Western blot before and after molecular sieve chromatography of salivas. Figure 3 (Figure 4 ). Whole saliva from subject TS at 10 months contained low amounts of IgA antibody only to components with a molecular mass of 70 and 190 kD. Apparent antibody concentrations to these components increased in subsequent samples. Antibodies to four additional S. mitis components were ultimately detected in the 43-month sample. 
